Results from a systematic evaluation of numerous microwave-assisted digestion techniques to solubilize trace elements from ambient airborne particulate matter prior to analysis using inductively coupled-plasma mass spectroscopy (ICP-MS) are reported. Direct handling of HF was avoided by generating it in situ in closed Teflon-lined vessels during digestion by heating a mixture of NaF, HNO 3 , and the sample and later complexing any remaining HF using stoichiometric excess of boric acid. The effects of microwave digestion variables including dwell time (20-120 min), temperature (150-200°C), pressure (38-200 psig), acid type (HNO 3 and HF), and absence or presence of peroxide on extraction efficiency were determined. Principal component analysis was conducted on the recoveries of 20 elements (Mg, Al, K, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Rb, Cd, Cs, Ba, La, Pb, and U) from urban particulate matter Standard Reference Material 1648, which revealed that the digestion matrix was the most important variable of all those experimentally investigated. Using H 2 O 2 improved the clarity of the digested sample by ensuring complete oxidation of organic matter thereby facilitating subsequent ICP-MS analysis. Quantitative recoveries of Al, K, Ti, Rb, and La were possible only when using HNO 3 , NaF (HF), H 3 BO 3 , and H 2 O 2 , suggesting that these elements were associated with the siliceous matrix of urban airborne particulate matter even though this matrix increased detection limits compared to using HNO 3 alone. Even though this method was not suitable for Cr recovery, it was found to extract significantly higher concentrations of Al, Mg, Ni, Co, and Ti from airborne line particulate matter samples obtained in Houston, TX, compared to X-ray fluorescence.
INTRODUCTION P
ARTICULATE MATTER in the urban atmosphere is a complex mixture of carbonaceous and siliceous materials, soluble inorganic ions, water, and other trace elements. Trace elements in airborne fine particles may contribute to the adverse biological activity in humans (Dockery et al., 1993; NRC, 1998) . Additionally, detailed trace element analysis can provide clues to the origin of ambient particles, such as the apportionment of particle mass to sources such as industrial smelters and boilers, oil and coal combustion, as well as paved road or windblown dusts (Watson et al., 1994) . These source apportionment calculations are an essential prerequisite to develop effective air quality management strategies. A major challenge to measure trace elements is that they typically compose only a small fraction of the aerosol mass, and are therefore difficult to quantify accurately (Chow, 1995) .
X-Ray Fluorescence (XRF) is currently the most common method to measure the elemental concentrations of ambient aerosol samples (Watson et al., 1999) due to its ease, rapidity, and nondestructive nature even though detection limits for several elements may be high (Chow, 1995) . Lighter elements such as Na, Mg, Al, Si, P, S, Cl, and K, that emit lower energy X-rays (,,4 keV) may be difficult to quantify accurately by energy dispersive XRF (Watson et al., 1999) . On the other hand, Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) offers the capability to quantify a wide range of elements at lower levels and with high precision (Chow, 1995; Ghrose, 1999) . Trace elements in atmospheric particulate matter are typically extracted in a combination of mineral acids and oxidizing agents at high temperature and high pressure in a microwave oven (Kingston and Haswell, 1997) prior to ICP-MS. This procedure that destroys the sample can be carried out in closed Teflonlined vessels to reduce contamination and losses due to volatilization and adsorption on container walls.
High-temperature digestion using HNO 3 alone is often preferred prior to ICP-MS analysis because it is relatively simple to handle, solubilizes a wide range of trace elements, and diminishes mass spectral interferences (Ghrose, 1999) . In contrast, HF may be necessary to extract trace elements associated with relatively insoluble matrices such as siliceous material typical of atmospheric particulate matter (Wu et al., 1996; Ghrose, 1999; Siefert et al., 1999; Swami et al., 2001) . However, handling free HF is extremely hazardous, and necessitates great care and rigorous laboratory safety protocols. Additionally, because HF is corrosive to standard components (e.g., nebulizer and plasma torch) of commercial instruments, more expensive HF tolerant components need to be purchased unless excess HF is dispelled prior to ICP-MS analysis. The goal of this research is to evaluate the feasibility of generating HF in situ in closed Teflon-lined vessels during digestion by heating a mixture of NaF, HNO 3 , and the sample followed by complexing excess HF with boric acid. Thus, laboratory safety can be substantially improved by eliminating direct handling of HF.
The objective of the research is to develop a method that eliminates direct handling of hydrofluoric acid but can still quantitatively digest particulate matter from urban atmospheric particulate samples prior to trace element analysis using ICP-MS. Microwave digestion parameters such as dwell time, temperature, pressure, and acid type, and the presence of peroxide were systematically evaluated by comparing recoveries of 14 certified elements (Al, K, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Cd, Pb, and U) and seven uncertified elements (Mg, Ti, Co, Rb, Cs, Ba, and La) in Standard Reference Material (SRM) 1648. The effects of the digestion matrix composition on detection limits for 29 elements (elements in SRM 1648 1 Li, Be, Si, Ca, Ga, Sr, Mo, and Tl) were investigated. Trace element concentrations measured using this technique were also compared with those obtained with XRF on airborne fine particulate matter samples collected from three locations in Houston, TX.
Results from this work served as the basis for source apportionment calculations for Houston, TX, which are described in a companion paper (Buzcu et al., 2003) .
EXPERIMENTAL WORK

Standard reference material and reagents
A Standard Reference Material (SRM 1648, National Institute of Standards and Technology, Gaithersburg, MD) for atmospheric particulate matter that had been collected in an urban area (St. Louis, MO) over a 1-year period was employed. Because the elemental composition of SRM 1648 has been reported (NIST, 1998) , it serves as a convenient datum to validate different digestion and analytical methods. The SRM was stored in its original vial at room temperature in the dark, and was dried at 105°C for 8 h before each use.
Sixty-five percent or 14.2 M HNO 3 and H 3 BO 3 (Suprapur grade, EM Science, Gibbstown, NJ), 30% H 2 O 2 aqueous solution (Puriss grade, Fluka Chemicals, Milwaukee, WI) and NaF (Puratronic grade, 99.995% metals basis, Alfa Aesar, Ward Hill, MA) were employed for digestions. All dilutions were made using ultrapure water produced from commercial laboratory-scale system (Max159 Modulab, U.S. Filter Corporation, Lowell, MA). The system consisted of multistaged treatment with granular activated carbon, mixed-bed ion exchange, re-518 KULKARNI ET AL.
verse osmosis, and ultraviolet irradiation and produced ultrapure water with 18.30 MV-cm resistivity and dissolved organic carbon concentration ,3 mg/L.
Labware and digestion vessel cleaning
All standards and reagents were stored in precleaned HDPE bottles. The cleaning procedure involved at 48-h soak in a 50:50 HNO 3 -ultrapure water solution followed by three thorough rinses with ultrapure water. Cleaned labware was then air dried and stored in Ziploc bags. Teflon liners of digestion vessels were also cleaned using a similar procedure. Centrifuge tubes (15 mL) (Perkin-Elmer, Norwalk, CT) were used to load samples in the autosampler. Appropriate dilutions were prepared directly in these tubes. These tubes were initially precleaned by filling them with 10 mL of 0.4 M HNO 3 , and letting stand overnight upside down because all the tube caps were found to leach Sr. No other elements of interest were found to leach from these tubes or their caps. (Sr concentrations in the leachate was in the range 0.75-1.5 mg/L and ,0.5 mg/L Sr was measured in the extracted SRM 1648 sample corresponding to ,215 mg Sr per gram SRM.) Thereafter, each tube was cleaned three times with ultrapure water, air dried, and stored in Ziploc bags until use.
To reduce sample carryover between digestions, the Teflon liners of the digestion vessels were cleaned by first microwaving them with a mixture of 10 mL 14.2 M HNO 3 and 6 mL 30% H 2 O 2 for 1 min at 300 W (125°C/125 psig) followed by 20 min at 600 W (200°C/200 psig). The Teflon liners were then rinsed thoroughly with ultrapure water and shaken dry. After repeating this procedure twice, the digestion vessels were then air dried and stored until further use.
SRM 1648 digestion
All digestions were performed in a programmable 1200 W microwave digestion system (MARS 5, CEM Corp., Matthews, NC) using Teflon-lined vessels rated at 210°C and 350 psig (HP-500 Plus, CEM Corp). A minimum of 100 mg of the dried SRM sample has been recommended for method development work (NIST, 1998) . However, previous air pollution research has been conducted using between 2 and 250 mg of this SRM (Wu et al., 1996; Wang et al., 1997; Swami et al., 2001) even though a typical ambient air sample contains ,1 mg of fine particulate matter. In this work, each digestion method was evaluated in triplicate by employing three vessels each containing ,10 mg of SRM 1648 because this was the minimum mass we could accurately and precisely measure using an electronic analytical balance with readability of 0.1 mg (A-160, Denver Instrument Co. Denver, CO).
The operating power of the microwave oven was reduced to 600 W because only three vessels were employed. The pressure and temperature profiles in the vessels were acquired continuously during the heating and cooling cycles on a personal computer to better evaluate the effects of experimental variables on sample digestion.
One-step digestion methods using different volumes of 14.2 M HNO 3 (3-10 mL), H 2 O 2 volume (0-6 mL), pressure (75-200 psig), temperature (150-200°C) , and microwave digestion dwell time (20-120 min) were evaluated initially. Two-stage digestions were also performed using a combination of HNO 3 , NaF, H 2 O 2 , and H 3 BO 3 . During the first stage, 6 mL of 14.2 M HNO 3 and 1.5 mL of 0.93 M NaF solution were always employed. This corresponds to an approximate twofold stoichiometric excess of fluoride ion based on 27% SiO 2 in the SRM. Dwell time was set at 20, 40, or 60 min, and the temperature was set at 150 or 200°C while maintaining a constant pressure set point of 200 psig. Excess fluoride in solution was complexed, and precipitated fluorides were solubilized in the second step using stoichiometric excess H 3 BO 3 (2.5 mL of 0.52 M H 3 BO 3 ). A 20-min dwell time was always employed in the second step wherein care was taken to avoid explosive increases in pressure and temperature when using H 2 O 2 (6 mL of 30% H 2 O 2 ) by employing a 1-min digestion at reduced power, pressure, and temperature set points (150 W, 125 psig, and 125°C, respectively) preceding digestion at 600 W power and desired pressure and temperature settings.
A 4.46 mL aliquot of the digestate was diluted to 60 mL with ultrapure water, and 0.5 mL of this was further diluted 20-fold prior to analysis using the ICP-MS. The concentrations of HNO 3 , NaF, and H 3 BO 3 in the samples (0.4 M, 0.33 mM, 0.3 mM, respectively) were consistent with the reagent blanks and external calibration standards to eliminate background effects. This resulted in an overall sample dilution factor of 434,000 (mL/g SRM) and a total dissolved solids (TDS) of 0.0035%, calculated as (mass of sample 1 H 3 BO 3 1 NaF)/(sample mass 3 dilution factor) during ICP-MS analyses. A selfcalibrating, motorized electronic pipette with 60.8% relative accuracy and 60.12% relative precision (EDP-Plus, Rainin Instrument Co., Woburn, MA) was used to reduce dilution errors.
One limitation of this work is the excessive dilution factor employed (434,000 mL/g SRM), which is not a method requirement, but a result of surplus reagent addition (to assure complete digestion) and the need to match background HNO 3 , NaF, and H 3 BO 3 concentrations in samples and external standards (to eliminate matrix effects) and to lower TDS concentrations in the sample (to reduce interferences). Lower overall sample dilution factors of only 2,000 and 25,000 (v/m) have also
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been employed for ,250 mg (Wu et al., 1996) and 2 mg (Swami et al., 2001) , respectively, of SRM 1648. Even though our dilution procedure resulted in the loss of Se sensitivity, the concentrations of all other elements were greater than ,10 times their method detection limits (see Table 3 ) allowing their accurate quantification. Additionally, only 0.05 mL of 48% HF was generated in situ, which was further diluted to 0.33 mM possibly eliminating the need to complex it prior to ICP-MS analysis (Feng et al., 1999) . However, H 3 BO 3 addition completely ensured integrity of instrument components.
Fine particulate matter sampling
Samples of atmospheric fine particles (aerodynamic diameter ,2.5 mm) were collected at three sites in Houston using two separate aerosol sampling systems (Buzcu et al., 2003) . Samples for ICP-MS analysis were collected for a period of 24 h on Teflon membrane filters supported on a Teflon mesh (Gelman Zeflour, Pall Corporation, East Hills, NY) at a flow rate of 10 liters per minute in a multiple-channel aerosol sampler. Coarse particles were removed from the air stream using an AIHL cyclone (John and Reischl, 1980) and flow through the sampler was controlled using critical flow orifice plates. After collection, filters were placed in clean polycarbonate petri dishes, sealed with Teflon tape, and returned to the laboratory where they were frozen until analysis.
Samples for XRF analysis were collected as part of the Texas Commission on Environmental Quality (formerly Texas Natural Resources Conservation Commission) fine-particle monitoring network. Fine particles were collected over a period of 24 h with a Rupprecht and Patashnick 5400 Partisol-Plus 2025 Sequential Air Sampler at a flow rate of 16.7 L/min. The Teflon membrane filters used for collection were supplied by Research Triangle Institute (Research Triangle Park, NC), and were returned to them for XRF analysis in compliance with EPA sample transfer protocol (U.S. EPA, 2000) after sampling.
Differences in sampler design using alternative sampler inlets may cause variations in particle collection in samples for XRF and ICP-MS measurements. However, it has been found previously that the inlet design does not lead to significant differences in fine particle composition measurement, since there is a relative minimum in ambient particle concentrations between 1 and 3 microns in diameter (Chow, 1995) .
Fine particulate matter digestion
Teflon-lined vessels used to digest airborne fine particulate matter samples in Houston, TX, were segregated from those used for SRM 1648 to reduce contamination. Based on results obtained using SRM 1648 (see Results and Discussion section) a two-stage procedure with 20-min dwell time and set points at 200°C and 200 psig with NaF 1 HNO 3 1 H 3 BO 3 1 H 2 O 2 was selected. NaF and H 3 BO 3 concentrations were reduced to 4.38 and 4.03 mM, respectively, to maintain the same stoichiometric excess of fluoride ions and H 3 BO 3 as in SRM 1648. Thus, the concentrations of HNO 3 , NaF, and H 3 BO 3 in the samples analyzed were 0.4 M, 0.33 mM, 0.3 mM, respectively. Each filter was analyzed by ICP-MS in triplicate, and matrix spike recoveries were monitored for each filter during each run for quality assurance.
Inductively coupled plasma-mass spectrometry
Elemental analyses were performed using ICP-MS (Elan 6000, Perkin-Elmer, Norwalk, CT) equipped with a Gem-Tip crossflow nebulizer, a Ryton spray chamber, a four-channel peristaltic pump (Gibson, Model Minipuls III), and an autosampler (AS-90, Perkin-Elmer). Before each measurement sequence, an autotune procedure was performed using a tuning solution of 10 mg/L of Ba, Cd, Ce, Cu, Ge, Mg, Pb, Rh, Sc, Tb, and Tl in 0.4 M HNO 3 for mass calibration and resolution. This was followed by instrument optimization, which included X-Y adjustment, nebulizer gas (argon) flow optimization, lens optimization, and an instrument performance check.
The mass spectrometer was calibrated using external standards consisting of 30 elements (Li, Be, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, Ga, As, Se, Rb, Sr, Mo, Cd, Cs, Ba, La, Tl, Pb, U) with a multielement internal standard solution. The external standards concentrations for each element were chosen to encompass the anticipated elemental concentrations of ambient air samples in the ICP-MS analysis solution: 0.01-1.00 mg/L for Co, Ga, Rb, Sr, Cd, T1, and U, 0.10-5.00 mg/L for Li, Be, Ti, V, Cr, Mn, Ni, As, Se Mo, Ba, and La, and 0.50-100.00 mg/L for Na, Mg, Al, Si, K, Ca, Fe, Cu, and Pb. Multielement internal standards (5 mg/L of 6 Li, Y, In, and Bi) were used to cover the entire mass region of interest (7-238 amu). The digested/diluted sample and the internal standard solution were mixed prior to introduction into the nebulizer. Standard nickel sampler and skimmer cones were replaced with platinum cones to allow for enhanced detection limits, especially for Ni. The cones were cleaned periodically in a 0.4 M HNO 3 solution by ultrasonication for 2 min at room temperature. A 120-s rinse using 0.4 M HNO 3 (compared with the usual 60 s) reduced memory interferences between samples. To improve the precision of As and Se measurements, a higher integration time of 6,000 ms was provided compared to 1500 ms for other m/z ratios when using HNO 3 -H 2 O 2 -NaF-H 3 BO 3 . Isobaric elemental interferences for 48 Ti, 54 Fe, 64 Zn, 75 As, 114 Cd, and 208 Pb were 520 KULKARNI ET AL.
corrected using equations provided with the software for instrument operation and data analysis. Reagent blank subtractions were implemented to eliminate boron induced interferences for 27 Al, 47 Ti, and 51 V. Detection limits for ICP-MS measurements were determined using the procedure recommended by "Standard Methods" (Clesceri et al., 1998) as 3.143 times (t-value for 99% confidence level and 6 degrees of freedom) the standard deviation of seven analyses of a reagent blank solution spiked with all elements of interest each at half the lowest concentration used to calibrate the ICP-MS instrument. The reagent blank solution was also "digested" using the same procedure as the SRM and ambient air samples to achieve identical background matrices. Instrument detection limits were determined similarly except only the reagent blank solution was analyzed.
X-ray fluorescence
Energy dispersive XRF analysis of elements was performed in accordance with established methods (U.S. EPA, 1999) by Research Triangle Institute because of its relative ease of implementation and its capability to detect several elements at low levels (Watson et al., 1999) .
RESULTS AND DISCUSSION
Temperature and pressure profiles during digestion
The temperature and pressure within the extraction vessels were monitored to better understand and control the digestion process. As depicted in Fig. 1 , in all cases during stage I where only HNO 3 and/or NaF were added, the temperature rapidly increased to the preset value (200°C in this case). Under these conditions, the pressure increased to ,135 psig due to generation of gaseous CO 2 , NO x , H 2 O, and other volatile products of digestion. In contrast, during stage II, where H 2 O 2 and/or H 3 BO 3 were added, pressure was always the controlling variable by first reaching the set point even though this step was initiated at only 25% power (150 W) to reduce highly exothermic and potentially explosive reactions of peroxide. These observations demonstrate that the system was programmed to automatically regulate the power input to maintain either the preset temperature or pressure, whichever is reached first in the sensing vessel. Because it is temperature that controls digestion (not pressure) and digestions were not performed at both the set temperature and pressure, it is important to determine the actual temperature achieved within the vessels during microwave operation and not rely solely on the set points. Note that this behavior of the microwave oven is not explicitly described in its user's manual.
Exothermic reactions of boric acid with HF and peroxide reactions with organic matter effectively determine the temperature and consequently the digestion efficacy. Thus, pressure-controlled digestion during stage II may not be preferred if the temperature varies greatly between duplicates. However, the temperature remained in the narrow range 145-150°C during the second stage of digestion (200 psig set point) resulting in reproducible results. Nevertheless, a different protocol may be necessary when using H 2 O 2 for digesting samples rich in organic matter because large temperature variations may be expected. Figure 2 depicts a general increase in detection limits for all elements when a combination of HNO 3 1 NaF 1 H 3 BO 3 was employed instead of HNO 3 alone. Similar results have been reported when using a combination of HNO 3 1 HF 1 H 3 BO 3 (Wu et al., 1996) . The use of NaF, HNO 3 , and H 3 BO 3 increased the TDS concentration in the analysis solution thereby increasing the necessary total ionization energy and introducing mass spectral and matrix interferences not present when only HNO 3 is employed. For example, 27 Al and Zn depict some of the lowest sensitivities (highest detection limits) in HNO 3 1 NaF 1 H 3 BO 3 background due to interferences from strong boron oxide signals at m/z 27 and polyatomic boron species with Ar, O, and H in the m/z range of (Clesceri et al., 1998) no solid samples were digested for these MDL measurements, whereas the corresponding reagent blank solutions spiked with targeted elements was "digested" prior to ICP-MS analysis.
Method detection limits
Effect of digestion variables on elemental recovery from SRM 1648
To assess the efficacy of 11 digestion methods, two at a time, 55 separate comparisons may be necessary. However, a technique called Principal Component Analysis (PCA) groups any correlated variables in two-dimensional plots, thereby reducing the dimensionality and facilitating the analysis of inherent trends within the dataset (Massart et al., 1997) . PCA generates new set of coordinate axes called principal components (PCs), which are linear combinations of the original variables and orthogonal to each other. These new PCs, which are calculated by rotating the original coordinate axes in variable space (e.g., by singular value decomposition), allow the analyst to generate hypotheses from the collected data. The first PC (PC1) accounts for the largest variation in the data set, the second PC (PC2) accounts for the second largest variation, and so on. Thus, observations that behave similarly group together outlying the dissimilar observations. The new coordinates of the original data following axis rotation are called scores. Score plots of one PC vs. another PC can quickly reveal clusters of object and subsequently outliers.
The loading of a variable on a PC is a result of the rotation of the original data matrix into the principal component space. These loadings have elements of cosines between each variable vector and PC Eigen vector. Thus, the higher the loading, the more the variable has in common with the PC. The sign of the loading value indicates if the variable component angle is obtuse (negative sign) or acute (positive sign).
This multivariate analysis technique has been used to compare different analytical methods to quantify lead and cadmium in soils (Pyle et al., 1996) . In this section, the effects of matrix composition, temperature, pressure, and dwell time on recoveries of all certified and uncertified elements from SRM 1648 are analyzed using PCA to obtain a better understanding of the inherent trends in these results and identify the relative importance of each digestion variable. In all cases Se concentrations in digested SRM were below its detection limit precluding calculations of its recovery.
Identification of important digestion variables.
Results of Eigen value analysis using singular value decomposition and rotated loadings matrix is shown in Table 1 . Cumulatively, 99.66% of the variability was captured in the first and second principal components (PC1 and PC2). Principal components 4 and above are not included because they contributed insignificantly to the variation in the recovery dataset (,0.14% cumulatively). Therefore, PCA score plot between PC1 and PC2 only is shown in Fig. 3 for the 11 digestion methods, where each symbol represents recoveries of 20 elements from SRM 1648. Seven methods with only HNO 3 or HNO 3 1 H 2 O 2 showed positive scores along PC2 (2nd quadrant), whereas four methods with HNO 3 1 NaF 1 H 2 O 2 1 H 3 BO 3 had negative scores along PC2 (3rd quadrant). Because digestion methods possessing the same sign along PC2 are chemically related (chemical composition and TDS), differences in extraction efficiency between these matrices are clearly depicted by the change in sign of the second principal component.
Three distinct clusters, each corresponding to a different digestion matrix are also observed in Fig. 3 . The three methods using HNO 3 alone are separated from the four using HNO 3 and H 2 O 2 , which in turn, are separated from the four using HNO 3 1 NaF 1 H 2 O 2 1 H 3 BO 3 . The change in the sign along PC2 indicates that the greatest impact on elemental extractions was caused by NaF and 522 KULKARNI ET AL. 
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Note: Principal components (PC4-PC11) each capturing ,0.20% of variability in the data set are not shown; refer to Fig. 3 legend for a short summary of each method.
Loadings
H 3 BO 3 addition, warranting a closer investigation of their effects on fine particle digestion. The four digestion methods using NaF and H 3 BO 3 formed a moderately tight cluster in Fig. 3 , indicating that they extracted the majority of elements to a similar extent. This similarity between each of these four methods allowed a direct quantification of the effects of NaF and H 3 BO 3 addition and dwell time at set points of 200°C and 200 psig using results obtained with HNO 3 1 H 2 O 2 as a baseline. Table 2 .
Effects of NaF and H
Because the Eigen values are proportional to the variance described by the corresponding PC, they were used to quantify the systematic variation in the dataset captured by each PC. As seen in Table 2 , the vast majority of the systemic variation (99.52%) in elemental recoveries is accounted for by PC1. Further, all loadings corresponding to PC1 have the same (negative) sign indicating that each digestion method influences PC1 in the same manner or direction. Additionally, their similar magnitude indicates that the contribution of each digestion method to PC1 is approximately the same. Thus, generally elemental recoveries did not change appreciably within these four digestion methods.
The highest loading (0.870) was obtained for method 4 (HNO 3 1 H 2 O 2 ) and PC2, suggesting that it describes most of the variation within this method. However, only 0.38% of the systematic variation in the entire dataset is accounted for by PC2, indicating that only a few elemental recoveries were substantially different from the others. Similarly, the next highest loading (0.764) was 524 KULKARNI ET AL. Fig. 4 , where each symbol represents recoveries of 20 elements obtained by each method. In the plot of PC1 vs. PC2, which covers 99.90% of the variance, digestions using HNO 3 1 NaF 1 H 3 BO 3 1 H 2 O 2 (methods 8, 9, and 10) formed a single, moderately tight cluster, indicating that they all resulted in similar elemental recoveries from SRM 1648. However, digestion with HNO 3 1 H 2 O 2 only (method 4) appears as an outlier indicating that recoveries for some elements maybe different from the other methods. Thus, the strongest influence on experimental recoveries was due to the digestion matrix alone. Inspection of the score plot of PC2 and PC3 further reveals discrepancies in recoveries when digestion was performed for 60 min (in comparison to 20 and 40 min) using HNO 3 1 NaF 1 H 3 BO 3 1 H 2 O 2 . Because this plot only captures 0.47% of the variance in elemental recoveries, the dwell time (in the range 20-60 min) may be an insignificant factor in solubilizing elements from SRM 1648 or it only impacts a small number of elements substantially. Figure 5 shows the PCA score plots of recoveries of individual elements (and any isotopes), where each symbol represents data from four digestion techniques (methods 4, 8, 9, and 10). As seen in Fig. 5 , employing any of the principal components as independent variables reveals three groups: one central cluster with the majority of isotopes (Mg, V, Cr, Mn, 54 Fe, 57 Fe, Ni, Co, 63 (Al, K, Ti, Rb, and La) , and yet another with only 52 Cr and 53 Cr. These results indicate that digestion variables did not impact the recoveries of most of the elements, whereas recoveries of Al, K, Ti, Rb, La, and Cr were influenced with changes in digestion matrix or dwell time. The first principal component (PC1) for Cr had the greatest magnitude indicating either the lowest or the highest recoveries.
Elemental recovery. The relationships delineated by PCA can be better understood by examining the elemental recoveries obtained with each digestion method given in Table 3 . As observed, recoveries of Mg, V, Mn, Fe, Ni, Co, Cu, Zn, As, Cd, Cs, Ba, Pb, and U remained approximately constant with digestion method. These represent the central cluster identified in Fig. 5 . Importantly, all these elements were quantitatively recovered from SRM 1648 (90-117%). Recoveries of Al, K, Ti, Rb, and La were #75% when only HNO 3 and H 2 O 2 were used for digestion, whereas they improved to 92-112% with in situ HF generation separating them from the central cluster in Fig. 5 . mately constant (44-50%) for three digestion methods (methods 4, 8, and 9) and increased to 75% with 60-min digestion using HNO 3 1 NaF 1 H 3 BO 3 1 H 2 O 2 (method 10). This behavior can be attributed to the separation from the 20-and 40-min dwell time results observed along the third principal component in Fig. 4 . Even though other researchers have reported low Cr recovery from SRM 1648, for example (Yamashige et al., 1989; Wang et al., 1995b; Swami et al., 2001) , and is consistent with its refractive and volatile nature, other publications have reported quantitative recovery (Wu et al., 1996) . Alkaline fusion may be necessary to solubilize Cr (Yamashige et al., 1989) . Extending the duration of microwave excitation to 60 min at 200°C and 200 psig still did not recover Cr quantitatively but can drastically lessen the useful lifetime of the extraction vessels.
Results summarized in Table 3 are depicted in Fig. 6 only for digestions with 20-min dwell time. Figure 6 demonstrates that quantitative recoveries .90-117% can be obtained using HNO 3 and H 2 O 2 alone for 14 elements (Cs, U, Ni, Co, Mg, V, Fe, Cu, Pb, Mn, Zn, Ba, Cd, and As). Increasing recoveries of Al, K, Ti, Rb, and La from ,80% using HNO 3 1 H 2 O 2 only to .92% using HNO 3 1 NaF 1 H 3 BO 3 1 H 2 O 2 suggests that they were associated with the siliceous matrix of the urban particulate matter. Possible improvements in sodium recovery following in situ HF generation could not be monitored because fluoride was added as the sodium salt (NaF).
Elemental compositions of Houston, TX, area aerosols using ICP-MS and XRF
Based on the results described in the previous section, a 20-min dwell time and the HNO 3 1 NaF 1 H 3 BO 3 1 H 2 O 2 matrix (method 8) was chosen to digesting samples of airborne fine particulate matter from Houston, TX, prior to ICP-MS analysis. Elemental concentrations of these samples were also analyzed by XRF and compared to the ICP-MS results. U was not analyzed by XRF but was quantified by ICP-MS. All Se and most Ba concentrations were below detection limits of both analytical techniques precluding their statistical comparisons. All XRF measurements of Co were below its detection limit (0.56 ng/m 3 ) but a mean Co concentration of 0.22 ng/m 3 was quantified by ICP-MS preceded by the microwaveassisted digestion procedure described earlier.
Concentrations cellent precision (relative standard deviation ,10%), lending credibility to Mo analysis by ICP-MS following microwave-assisted digestion. These elements are compared in the form of bivariate scatter diagrams in Fig. 7 , where the solid line represents a perfect correlation between the two techniques.
Figure 7 depicts good correlations for As, Rb, Mo, Pb, Mn, Cu, V, K, and Fe. Additionally, paired t-tests revealed no differences at the 95% confidence level demonstrating that ICP-MS and XRF were both equally good in measuring these elements in airborne fine particulate matter. In contrast, it can be seen in Fig. 7 
